Despite the flaws of the BSC, other proposed species definitions have failed to gain widespread acceptance among evolutionary biologists, and the BSC remains popular due to its simplicity and conceptual strengths. One of the most important strengths of the BSC is its emphasis on the dual nature of gene flow: within-species gene flow holds a species together, whereas barriers to gene flow allow species to diverge. However, for many species and species complexes, there is insufficient gene flow to homogenize the species at all loci (Morjan and Rieseberg 2004) ; only a fraction of the genome, in particular the fraction subject to geographically widespread selective sweeps, will have substantial gene flow across the species range. Similarly, in some species only a fraction of the genome will be closed to gene flow from closely related species (Barton 1979; Martinsen et al. 2001) .
Thus, when interspecific barriers to gene flow remain incomplete, some level of exchange will often occur. In this case, theory predicts (Barton 1979; Barton and Hewitt 1985) , and empirical studies confirm, that gene flow is restricted at sites with reduced recombination (Rieseberg et al. 1999; Noor et al. 2001; Stump et al. 2005; Turner et al. 2005; Geraldes et al. 2006; Yatabe et al. 2007 ) and/or strong selection against introgression (Rieseberg et al. 1999; Noor et al. 2001; Scotti-Saintagne et al. 2004 ). Outside of these regions, neutral or positively selected loci can cross the species boundary via hybridization and introgression. The consequences of this gene flow are only beginning to be understood. Gene flow between coexisting species has been the subject of many studies, particularly those focusing on the role of hybrid zones in allowing exchange of genetic material across some fraction of the genome (Rieseberg et al. 1999; Martinsen et al. 2001; Lexer et al. 2005; Llopart et al. 2005; Yatabe et al. 2007 ). These studies typically investigated a few dozen markers across pairs of populations. However, little is known about the effects of interspecific gene flow across the entire ranges of hybridizing species (although see Martinsen et al. 2001; Geraldes et al. 2006) .
Here, we seek to expand our understanding of the nature of species by studying gene flow between species, as well as among populations within species. Sunflowers have been developed as a model system for speciation research (Rieseberg 2006; Rieseberg and Willis 2007) and numerous genetic and genomic tools are available (see http://cgpdb.ucdavis.edu/). In particular, the three sunflower species Helianthus annuus, H. argophyllus, and H. petiolaris are ideal study organisms for understanding the nature of species boundaries.
Helianthus annuus and H. petiolaris are widespread species (Heiser et al. 1969) , whose ranges cover much of the continental United States (Fig. 1) . The two species differ in many phenotypic traits, including reproductive timing, branching patterns, and height (Rosenthal et al. 2002 (Rosenthal et al. , 2005 , as well as having significant differences in expression patterns for many loci (Lai et al. 2006) . Additionally, there are substantial differences in habitat preferences; for instance, H. annuus thrives in mesic clay soil whereas H. petiolaris requires drier, well-drained sandy soil (Heiser et al. 1969; Gross et al. 2004) . Nonetheless, where the two soil types coexist, both species can often be found together, and form hybrid zones in which interbreeding between the species is very common . Because of the widespread natural overlap in the species ranges ( Fig. 1) , and because of several ancient hybrid species whose origins have been estimated at between 60,000 and 210,000 years ago Welch and Rieseberg 2002; Gross et al. 2003) , or perhaps as long as 1.2 million years ago (J. Strasburg, pers. comm.) , we know that this hybridization has been occurring for hundreds of thousands of years. Additionally, there is compelling evidence for high levels of gene flow between the two species at numerous loci (Rieseberg et al. 1999; Yatabe et al. 2007; Strasburg and Rieseberg 2008) , despite large-scale karyotypic differences (Burke et al. 2004; Lai et al. 2005) , strong conspecific pollen precedence (Rieseberg et al. 1995) , and high levels of pollen and seed inviability in the hybrids (Rieseberg et al. 1999) . Thus, despite this hybridization, the two species remain largely reproductively isolated and morphologically and ecologically distinct. While H. annuus and H. petiolaris are common throughout much of North America, H. argophyllus is only found in southern Texas and a few introduced localities in Florida (Heiser et al. 1969) . Due to this restricted geographic range, H. argophyllus is thought to have been largely or completely allopatric to both H. annuus and H. petiolaris for most of its history, and currently only overlaps with H. annuus (Fig. 1 ). This overlap is likely very recent, as H. annuus probably was absent from the H. argophyllus range until its introduction to this region within the past 100 years (Heiser 1951) . In areas of contact, hybrid swarms have been reported (Heiser 1951) , and this interbreeding is perhaps not unexpected, as H. argophyllus is the sister species of H. annuus (Schilling and Heiser 1981; Chandler et al. 1986; Schilling et al. 1998) . Moreover, the two species have relatively high F 1 fertility levels of 5-50% (Heiser 1951) , as compared to less than 1% for crosses between H. annuus and H. petiolaris (Ungerer et al. 1998) . The relationships between these and other annual sunflowers are illustrated in Figure 2 .
We took advantage of the unique evolutionary and geographic history of these species to study the importance of genetic relatedness and geography in determining interspecific gene flow, sequence divergence and species boundaries. First, an F ST -based approach was used to examine gene flow within and between the three species at 26 microsatellite markers, using 1015 individuals from 36 populations across the ranges of the three species. A complementary approach used available EST sequences developed by the Compositae Genome Project (compgenomics.ucdavis.edu). This second approach used only one genotype per species, but enabled us to look at sequence differences at 1420 loci simultaneously. We calculated divergence levels between the three species to identify loci with low divergence between H. annuus and H. petiolaris and extremely high divergence between the sister species H. annuus and H. argophyllus, a pattern consistent with introgression between H. annuus and H. petiolaris at these loci. This second approach enabled us to examine a larger fraction of the genome for signals of introgression.
Methods

MICROSATELLITE ANALYSIS
Plant material
Fresh leaf tissue was collected from 15 to 55 plants from each of 17 populations of H. annuus and 7 populations of H. petiolaris (see Table S1 ). Additionally, frozen tissue was used from each of four individuals from 12 populations of H. argophyllus (see Table S1 ). Populations were from across the range of each species (Fig. 1) Yatabe et al. (2007) , as well as two additional H. annuus populations and three additional H. petiolaris populations. All populations were quite large, with at least several hundred to thousands of plants in the immediate area. Plants were collected along one or more transects in each population, with individuals spaced at least 3 meters apart. DNA was extracted from 50 to 100 mg fresh or frozen leaf tissue using DNeasy 96-well plate kits (QIAGEN Inc.,Valencia, CA).
Genotyping
Individuals were genotyped at the 26 most reliable microsatellite loci from previous studies Yatabe et al. 2007; Kane and Rieseberg 2008) . These microsatellites were developed from EST libraries (Heesacker et al. 2008 ) created by the Compositae Genome Project (http://cgpdb.ucdavis.edu/), which includes sequence data for over 94,115 H. annuus, 35,720 H. argophyllus, and 27,484 H. petiolaris ESTs (Barker et al. 2008) . Microsatellites included di-, tri-, and tetra-nucleotide repeats. Primers flanking the microsatellite were designed using Primer3, with an additional tail added to the 5 end of the forward primer for hybridization with fluorescent probes (Schuelke 2000) and synthesized by Integrated DNA Technologies Inc (www.idtdna.com).
During PCR, the 5 end of the forward primer was labeled using fluorescent dye (Schuelke 2000) . The polymerase chain reaction (PCR) reactions were performed in volumes of 10 mL containing 2 ng DNA, 2 units Taq DNA polymerase, using standard "touchdown" PCR protocols to reduce nonspecific primer binding and fragment amplification (Don et al. 1991) .
Analysis of microsatellite fragment size was done on the Indiana University Institute for Molecular and Cellular Biology ABI 3730 (Applied Biosystems, Foster City, CA). Multiple, nonoverlapping PCR fragments were pooled and diluted 1:60 with ddH 2 O. One microliter of the diluted PCR product was added to 8.9 μL ddH 2 O and 0.1 μL of the GenScan-500 Liz Size Standard (Applied Biosystems). Samples were denatured at 95
• C and snap cooled on ice, then centrifuged to remove bubbles before loading onto the ABI 3730. For each marker, genotypes were scored using GeneMapper 3.7 (Applied Biosystems). Markers were scored automatically, with all results inspected and manually corrected in cases of errors in the automatic scoring.
AMOVA
The genetic variance was partitioned into proportions due to genetic differences between species, among populations within species and within populations using analysis of molecular variance (AMOVA) in the program Arlequin 2.0 (Schneider et al. 2000) , permuting individual genotypes, with 1000 permutations based on distance matrices.
Population structure and gene flow
Microsatellite Analyzer (MSA, Dieringer and Schlotterer 2002) was used to calculate heterozygosity and variance in microsatellite length, as well as pairwise genetic distances between populations (δμ) 2 ; this measure was chosen because it is expected to be linearly related to time of divergence for microsatellites (Goldstein et al. 1995; Slatkin 1995) . Global and pairwise F ST were calculated using the Weir and Cockerham method (Weir and Cockerham 1984) using MSA. Neighbor joining trees illustrating population relatedness based on F ST and (δμ) 2 were created using PHYLIP (Felsenstein 2005) . Bayesian clustering was also used to assess population relatedness and gene flow, using the program Structure 2.2 (Pritchard et al. 2000) . The number of populations (K) was estimated using the "admixture" ancestral model with correlated alleles, with K ranging from 2 to 27. Three independent runs of 50,000 MCMC generations and 20,000 generations of "burn-in" were used for each value of K. The true number of populations is expected to be the value of K that maximizes the estimated model log-likelihood, log(P(X|K)) (Falush et al. 2003) .
To assess correlations between geographical and genetic distances between populations, Mantel tests (Mantel 1967) were performed in R 2.4.1 (R Development Core Team 2006) based on Pearson's product-moment correlation with 1000 permutations using the Vegan package (Oksanen et al. 2007 ). Mantel tests were performed separately for H. annuus and H. petiolaris. Because of the small number of individuals available for each H. argophyllus population, we could not perform similar analyses on this species. Traditional Mantel tests cannot be used to assess the relationship between geography and genetic distance between species, because the distance matrices must be symmetrical.
Long-term migration rates
To assess long-term migration rates between the three species, we applied a coalescent approach using the likelihood and Bayesian implementations available in MIGRATE-N to determine the migration rates and θ (Beerli and Felsenstein 1999, 2001; Beerli 2004) . For the purposes of the analysis, we group all populations of H. annuus into a single meta-population, as well as all populations of H. petiolaris and H. argophyllus for a total of three meta-populations. With this methodology we were more interested in the long-term gene flow between species, rather than the migration rate between each sampled population. Due to the high variability of the microsatellite loci, we used the Brownian microsatellite model. We ran two preliminary MIGRATE-N maximum likelihood analyses based on slightly different models, one model with a Gamma distributed mutation rate across loci, and one without. The inclusion of the Gamma distributed mutation rates did not result in a significantly better model, and therefore we used the model without a Gamma parameter.
We ran two identical maximum likelihood analyses, with different starting seeds, to assess whether the chains had sampled the parameter space properly. Additional parameters for the final maximum likelihood runs included 20 short chains with an increment of 20 and a sampling of 500; five long chains with an increment of 20 and a sampling of 1000; with a burn-in of 100; and the default heating scheme. The Bayesian analyses were run with 5 long-chains, with an increment of 20, and a sampling of 10,0000, with a burn-in of 20,000. Additional Bayesian parameters included an update frequency of 0.4, a Metropolis-Hastings sampling algorithm for both θ and M, uniform priors for θ of 0 to 4, which seemed reasonable according to the mutation rate of these loci and the effective population size determined by Strasburg and Rieseberg (2008) , and a uniform prior distribution of M from 0 to 8.
Along with the maximum likelihood analyses we tested several models of migration using the likelihood ratio test available in MIGRATE-N. We tested all possible combinations of symmetric migration between the species, as well as testing all possible combinations of no migration between each species. We then tested these models against the null-model's maximum likelihood score using both the likelihood ratio test, and the Akaike information criterion (AIC) (Beerli and Felsenstein 1999) . Both of these tests are implemented directly in MIGRATE-N.
Estimates of recent migration
Although estimating migration rates using MIGRATE-N and a coalescent methodology have many benefits, it also has the drawback of being susceptible to ancestral population genetic forces such as lineage sorting. To determine whether the migration rates estimated from MIGRATE-N are the result of postdivergence migration we conducted additional analyses that estimate recent migration rates. The program BAYESASS uses a Bayesian approach to estimate migrants within multiple populations (Rannala and Yang 2003) . The current implementation of BayesAss is limited to 20 populations, we therefore grouped the 12 populations of H. argophyllus into six populations based on geographic proximity. We also excluded four populations of H. annuus, UTR, UTT, UTD, UTC to bring the total under the limit of 20 populations. The added benefit of this method over a standard genetic distance method is the ability to estimate asymmetric migration rates. Because we are determining gene flow between two different species we may not necessarily assume migration is symmetric, or equivalent in either direction.
The BayesAss estimates of migration can also be used to determine if an association exists between migration rate and geographic distance. We calculated the linear regression, R 2 coefficient, and then ran 10000 permutations on each regression to determine a P-value for the association. 
BIOINFORMATIC ANALYSES
Whole transcriptome analyses A bioinformatic pipeline was used to identify all single-copy orthologs found in H. annuus, H. argophyllus, and H. petiolaris. Helianthus EST sequence databases generated by the Compositae Genome Project (http://cgpdb.ucdavis.edu/) were clustered into contigs for each species using TGICL (Quackenbush et al. 2000) . These contigs were used in reciprocal all versus all megablast searches in all three possible pairwise comparisons between the three species (Altschul et al. 1990 (Altschul et al. , 1997 to identify significant similarities in sequences found in the three databases. Orthologs were defined conservatively as reciprocal best hits between all pairwise combinations of all three databases, with a minimum cutoff of 90% sequence similarity over 300 base pairs. The best protein hit to available plant proteins in Genbank (as of 7 September 2006) was identified using BLASTX (Altschul et al. 1997) , with a minimum e-value of 1e −10 . Orthologs without significant protein hits were discarded. Predicted protein sequences for the remaining orthologs were made using the GeneWise hidden Markov models (Birney et al. 2004) implemented in the program Wise2.2, and aligned using MUSCLE3.6 (Edgar 2004) . The corresponding coding DNA sequence alignment was found using the program RevTrans1.4 (Wernersson and Pedersen 2003) , and formatted for PAML (Yang 1997 (Yang , 2007 using the program SEALS (Walker and Koonin 1997) . The codeml program from PAML3.15 (http://abacus.gene.ucl.ac.uk/software/paml.html) was used to calculate divergence at synonymous sites (Ks) for each ortholog set. Sequences were clustered based on a simple hierarchical clustering algorithm, so that the sequences with the smallest Ks values were paired together. Where Ks values were identical between several pairs of sequences, the relationship was classified as ambiguous. Additionally the best protein hit from Arabidopsis was identified for each ortholog using BLASTX (Altschul et al. 1997) so that genes could be annotated for possible functions categorized according to biological function and the cellular localization of protein products based on Gene Ontology, or GO, functional groups (Rhee et al. 2003) . Differences in the distribution of genes into the various GO functional categories were evaluated statistically using chi-square tests, with categories representing 0-5% of the genes combined into an "other" category. The CGP database contains ESTs for H. petiolaris (27,484 sequences), H. argophyllus (35,720 sequences), and H. annuus (94,115 sequences). For genes that follow the species phylogeny, genetic distances should be greatest between H. petiolaris, and the other two species and lowest between the two sister species H. annuus and H. argophyllus. However, lineage sorting should cause some fraction of the genes to have one of the two alternate topologies (Doyle 1992; Avise 1994 Avise , 2000 , with the most distant species being either H. annuus or H. argophyllus. The two alternate topologies should be equally likely under lineage sorting. In contrast, recent introgression between H. annuus and H. petiolaris would have a more predictable effect on the phylogeny, reducing genetic distances between H. annuus and H. petiolaris and increasing genetic distances between H. annuus and H. argophyllus (Abbott 1992; Arnold 1992) .
We tested for possible effects of rate variation on the observed topologies in 923 ortholog sets from H. annuus, H. petiolaris, H. argophyllus, and H. ciliaris. We used maximum likelihood approach in PAUP (Swofford 2003) to reconstruct a phylogeny for each dataset. We used a general time-reversible model that included a gamma parameter that accounted for rate heterogeneity and invariable sites. Each parameter was estimated separately for each dataset. A likelihood score was obtained with and without a molecular clock enforced. A likelihood ratio test was preformed to determine whether the tree with no molecular clock was significantly more likely.
Results
MICROSATELLITE ANALYSES
Genetic variation within and among populations and species As expected for microsatellites, these markers exhibited high levels of diversity (Table S2 ). However, mean expected heterozygosity was significantly lower for H. argophyllus (0.48 ± 0.03; mean ± standard error) than H. annuus (0.68 ± 0.02) or H. petiolaris (0.71 ± 0.02) (P < 0.0001, two-tailed t-test), which were not significantly different from each other. Additionally, H. argophyllus had significant reduction in allele numbers and variance in allele size (P < 0.01, two-tailed t-test), with fewer alleles at most loci than in a typical population of either of the other species. Together, these data are consistent with a substantially lower effective population size for H. argophyllus, perhaps due to its restricted geographical range or population bottlenecks in its history. The two widespread species have probably had very large effective population sizes for most of their recent history (Strasburg and Rieseberg 2008) , whereas the more restricted distribution of H. argophyllus, coupled with its more unusual habitat, should give H. argophyllus a much smaller effective population size. Thus, it is not surprising that we found much lower variation and heterozygosity for H. argophyllus at nearly all loci.
The AMOVA found that, as in previous studies of these species (Yatabe et al. 2007 ), most of the variation (81.1%) was within populations, with only 11.5% of the variation among populations and 7.4% of the variation distributed between species. Correspondingly, F ST values between the species were relatively low, with averages of all pairwise F ST of 0.19 ± 0.07 between H. annuus and H. petiolaris populations, 0.24 ± 0.03 between H. annuus and H. argophyllus populations, and 0.25 ± 0.06 between H. argophyllus and H. petiolaris populations. It should be pointed out that the F ST values involving H. argophyllus are probably inflated by the lower variation present in that species, particularly if this lower variation is due to repeated bottlenecks (Whitlock and McCauley 1990) .
Geographic clustering
Both the STRUCTURE analysis and the F ST values showed strong clustering by species and geographic region (Figs. 3 and 4 ). Populations of H. annuus from Utah tended to cluster together, as did populations from the Midwest. Populations of H. petiolaris also tended to cluster geographically into two groups, one from the Midwest and the other from the southwest, in accordance with standard subspecies classifications (Heiser et al. 1969) . However, these analyses also show evidence of substantial levels of gene flow from nearby populations of other species. Interspecific gene flow was particularly striking in some populations. For example, petTXM showed such high levels of gene flow with nearby H. annuus populations that it was grouped with them in the neighbor-joining tree based on F ST values (Fig. 3) Analyses of single species also showed significant relationships between migration rate and geographic distance for H. annuus and H. petiolaris, Figure 6 . However, the regression of migration rate and geographic distance for H. argophyllus populations was not significant, and this may have been due to the grouping of populations, which was necessary due to the low sampling within those populations. The intra-species analysis for H. annuus had a significant regression R 2 = 0.3052, P = 0.001;
Estimates of recent migration
H. petiolaris had a significant R 2 = 0.2741, P = 0.0122; and H. argophyllus had an insignificant R 2 = 0.01126, P = 0.6916. 
BIOINFORMATIC ANALYSES
In the absence of introgression, orthologs from H. annuus are expected to be more similar to H. argophyllus, its sister species, which is thought to have diverged about 1.1 million years ago (90% HPD range 0.74-1.7 million years), than to H. petiolaris, which diverged about 600,000 years earlier and is a member of a more distant clade of annual sunflowers (Rieseberg 1991; Timme et al. 2007; Strasburg and Rieseberg 2008) . Of the 1420 loci surveyed, 604 followed the expected topology. However, for many loci a very different pattern was found: H. annuus sequences were actually more similar to H. petiolaris than H. argophyllus for 374 orthologs, a pattern consistent with introgression. Another 278 loci clustered H. petiolaris and H. argophyllus. Finally, 164 orthologs were ambiguous, with differences in Ks that were too small to enable meaningful clustering (Ks below 0.005 between more than one species pair). Out of the 26 loci used in the F ST comparisons, nine had ESTs from all three species, including four loci with genes from both domesticated and wild H. annuus. These nine genes showed a similar distribution of topologies, with four genes following the species tree, three showing greater similarity between H. annuus and H. petiolaris and none showing the third topology. The two remaining genes were ambiguous. Thus, while a plurality of the loci did show the expected species phylogeny, a substantial fraction did not, and many of the genes in this latter fraction showed a pattern consistent with recent introgression between H. annuus and H. petiolaris at many loci. This pattern could also be explained by events other than introgression between H. annuus and H. petiolaris. Fixation (or sampling) of alternate ancestral alleles within the three species could cause this, if H. annuus and H. petiolaris happened to fix a more similar allele whereas H. argophyllus fixed a more divergent one. This is known as lineage sorting, and is expected to occur in young species such as these, based on coalescent theory (Pamilo and Nei 1988; Takahata 1989 ). This certainly explains some fraction of the loci that does not follow the species phylogeny. However, several factors suggest that this is unlikely to explain all of the loci for which H. annuus and H. petiolaris are closer than either species is to H. argophyllus. First, of the genes not following the species tree, there are substantially more genes that cluster H. annuus and H. petiolaris than genes clustering H. argophyllus and H. petiolaris, significantly more than would be expected by chance, if the two alternate topologies were equally likely (X 2 = 14.4; df = 1; P < 0.001). This skewed distribution would be expected if H. annuus and H. petiolaris were still experiencing gene flow. Another potential explanation for the observed pattern could be that rate heterogeneity could cause H. annuus and H. petiolaris to cluster together spuriously. We tested for rate variation in 923 ortholog sets that had clear orthologs in H. annuus, H. petiolaris, H. argophyllus, and H. ciliaris, using maximum likelihood models that included a gamma parameter that accounted for rate heterogeneity. For 417 of the ortholog trees, the likelihood score was significantly higher when the molecular clock was not enforced, indicating significant rate heterogeneity. Slightly more of these trees produced the H. argophyllus/H.petiolaris pairing than H. annuus/H. petiolaris, whereas the 505 gene trees with no significant rate heterogeneity produced more trees with the H. annuus/H. petiolaris relationship. Although these differences are not significant, the trend is in the opposite direction from anything that would create spurious clustering of H. annuus and H. petiolaris. Thus, if anything, rate variation appears to be acting to obscure the signal of introgression between H. annuus and H. petiolaris. In sum, the observed patterns of clustering in the gene trees can be explained by ongoing gene flow between H. annuus and H. petiolaris, but not by other scenarios. Ks data support this interpretation of the ortholog data. Significantly more genes (54 ortholog sets) had a less than 1% divergence between H. annuus and H. petiolaris, compared to only 26 genes with such low divergence between H. argophyllus and H. petiolaris (X 2 = 15.3; df = 1; P < 0.001). The distribution of Ks values over all loci for each species pair also suggest high levels of introgression between H. annuus and H. petiolaris (Fig. 7) . In the absence of introgression, comparisons between H. annuus and H. petiolaris should look similar to H. argophyllus and H. petiolaris, because H. annuus and H. argophyllus are sister species. However, Ks is significantly lower (t = 3.5, P < 0.001) between H. annuus and H. petiolaris (0.051 ± 0.01) than Ks between H. argophyllus and H. petiolaris (0.055 ± 0.01). This reduction in average Ks appears to be mainly due to an increase in the number of very low Ks values, some of which are likely introgressed between the two species. For instance, an ortholog similar to the Arabidopsis gene AT3G24360, involved in fatty acid metabolism, shows no synonymous or nonsynonymous changes at all within the coding region when H. annuus and H. petiolaris are compared. However, both species show about 4.8% divergence at synonymous sites compared to H. argophyllus. To evaluate whether the genes adhering to the species tree were of different functions than the other genes, we compared the GO functional categories of genes from the three possible topologies (Fig. 8) . The cellular localization of gene products differed significantly between the groups when all categories were considered (X 2 = 14.8.1; df = 6; P < 0.05). Significantly more genes (X 2 = 6.0; df = 2; P < 0.05) targeted to the chloroplast, undifferentiated plastids and mitochondria had lowest Ks between H. annuus and H. petiolaris than in the other two topologies, indicating that introgression between these species may be particularly important for genes targeted to the organelles. For biological function, genes following the species tree appeared to be over-represented in the "response to abiotic or biotic stimulus" and "response to stress" categories. These categories were underrepresented in genes for which H. argophyllus and H. petiolaris alleles are most similar (X 2 = 5.2; df = 1; P < 0.05). Of course, for any one gene, it is impossible to determine whether the relationship is caused by lineage sorting or introgression. However, the significant deviations from expectations under neutrality suggest that either introgression is elevated for these gene categories or lineage sorting is for some reason affecting these genes differently from other loci.
POROUS GENOMES AND HIGH GENE FLOW IN HELIANTHUS
Discussion
GENE FLOW BETWEEN ANNUAL HELIANTHUS SPECIES
Porous boundaries may be expected between recently diverged species (Abbott 1992; Arnold 1992; Rieseberg and Burke 2001) . However, the retention of ancestral polymorphisms can be difficult to distinguish from introgression, particularly when using molecular markers (such as microsatellites or AFLPs) rather than DNA sequences. The study presented here used two approaches to get around this issue, and demonstrated the utility of each. In particular, our results show the strength of a population genetic approach across the species range: gene flow between species can be high enough to cause local reductions in interspecific genetic distances. Additionally, our second approach took advantage of available EST sequences to make comparisons of interspecific distances between allopatric and sympatric species, and found that a substantial fraction of the genome appears to have experienced recent gene flow. While the first method examines the geographic scale of gene flow, the second measures the impact of gene flow on a large fraction of the genome. The two approaches are complementary, and the fact that both show evidence of high levels of gene flow confirms that substantial gene flow has certainly occurred between these species. Importantly, the sympatric species H. annuus and H. petiolaris showed evidence of high levels of gene flow at some loci, whereas other loci exhibited no evidence of gene flow. Genomic evidence for some history of hybridization in phenotypically normal individuals of these (Buerkle and Rieseberg 2001; Yatabe et al. 2007; Strasburg and Rieseberg 2008) and other species (e.g., Arnold et al. 1991; Whittemore and Schaal 1991) has previously been reported and should not be surprising, particularly in species which are known to hybridize widely. However, this paper differs from previous work by analyzing populations from across the species range, giving a broader perspective on the effects of gene flow. Moreover, our novel analysis examining interspecific genetic distances using EST sequences shows that gene flow affects a large proportion of expressed genes.
Previous work on these species has looked at introgression across the genome but only at a small spatial scale (e.g., Yatabe et al. 2007) , giving a local rather than a species-wide perspective. Strasburg and Rieseberg (2008) (Table 1 ) perhaps due to the more restricted geographic range, or their higher proportion of H. annuus populations in portions of the range far from H. petiolaris populations. Nevertheless, the results presented here are largely consistent with these and other previous results, but give a much broader picture, confirming the effects of introgression across both species' ranges and across much of the genome.
The extent of gene flow between the species is surprising, particularly given the morphological (Rosenthal et al. 2002 (Rosenthal et al. , 2005 , ecological (Gross et al. 2004) , reproductive (Rieseberg et al. 1999) , and karyotypic (Rieseberg et al. 1995; Burke et al. 2004) differences. Of particular interest, the significant association between geographical proximity and relatedness in the betweenspecies comparison of sympatric H. annuus and H. petiolaris indicates substantial, long-term local gene flow between nearby populations of the two species, as confirmed by the MIGRATE analysis. It is presumably the more divergent loci that are responsible for the maintenance of strong reproductive barriers and substantial differences in ecology, morphology and life history between these species despite hundreds of thousands of years of widespread sympatry and gene flow. The recent gene flow levels estimated using BAYESASS are higher than the historical gene flow levels estimated by the coalescent approaches of our MIGRATE analysis and the historical gene flow estimates from Strasburg and Rieseberg (2008) . This may represent a substantial increase in the recent gene flow between all these populations, possibly due to human activities, particularly dispersal and disturbance.
In contrast to the relatively high gene flow between H. annuus and H. petiolaris, the more recently diverged species H. annuus and H. argophyllus showed a lower degree of contemporary gene flow, consistent with other evidence that H. argophyllus has been geographically separated from H. annuus for most of its evolution (Heiser 1951 Additionally, lineage sorting (fixation of divergent alleles inherited from the common ancestor to the three species) is likely to play a role. The level of lineage sorting apparently observed here would not be at all unexpected given the high effective population sizes and recent origins of these lineages (Strasburg and Rieseberg 2008) . As previously discussed, however, the observation that far more genes cluster H. petiolaris with H. annuus than with H. argophyllus can be accounted for by gene flow between the former pair, but not by other scenarios. Thus, although the bioinformatic analysis used many genes but few individuals and the population genetic analyses used many individuals but fewer genes, both approaches show patterns that can only be explained by high levels of gene flow between H. annuus and H. petiolaris, with evidence of less substantial recent gene flow between either species and the more geographically distant species H. argophyllus.
It should be emphasized that all of the populations used appeared to be purely of one species or another, and contained no obvious hybrids based on morphology. None of the individuals were recent hybrids, which are quite easy to identify based on morphology. Thus, although the genetic evidence reveals mixed ancestry in some individuals, the phenotype appeared identical to that of pure species, suggesting that genes involved in speciesspecific traits are not able to cross the species boundaries. These results indicate that taxa can retain important morphological and ecological differences despite high levels of gene flow across much of the genome.
ECOLOGY AND SYMPATRY
The importance of ecological differences in maintaining species barriers in Helianthus is well appreciated. For example, in the absence of ecological differentiation, hybridization between sympatric Helianthus species can result in merging of the two species, or "genetic assimilation," as occurred when H. annuus was introduced into the native range of two more narrowly distributed species, H. bolanderi and H. exilis (Heiser 1949; Stebbins and Daly 1961) . In many places, interbreeding has resulted in the disappearance of pure H. bolanderi, which has similar habitat requirements to H. annuus, as it has been replaced by H. annuus and hybrid populations (Carney et al. 2000) . This is a possible incipient case of extinction by hybridization (Rhymer and Simberloff 1996) . However, H. exilis, the sister species of H. bolanderi, which grows in harsh serpentine soils too edaphically stressful for H. annuus (Madhok and Walker 1969) , shows little evidence of hybridization or competitive displacement from H. annuus. Because highly porous barriers to interbreeding in these and other sunflower species permit relatively high levels of gene flow, ecological differences may be crucial in maintaining distinct taxa. This is certainly true for maintaining locally adapted ecotypes within Helianthus species (e.g., Sambatti and Rice 2007) but may also be important at the species level.
Selection also acts to hold individual species together as a cohesive unit (Rieseberg and Burke 2001) , in addition to creating and maintaining interspecific boundaries (Filchak et al. 2000; Rundle et al. 2000; Via et al. 2000) . Many species have levels of intraspecific gene flow that are too low to prevent divergence of distant populations due to drift (Ehrlich and Raven 1969) . However, genes under selection can sweep across the range of a species fairly readily (Slatkin 1976) . Selective sweeps may therefore contribute to the pattern we observed, in which genes involved in responses to stress or environmental stimuli were least affected by lineage sorting and closely tracked the species tree, as genes in these categories have been shown to be subject to population-wide and regional-wide selective sweeps Rieseberg 2007, 2008) . In contrast, genes expressed in or targeted to organelles are most susceptible to introgression, an interesting pattern in light of the fact that several previous studies found disproportionally high levels of introgression in chloroplast and mitochondrial genes relative to genes encoded in the nucleus (Rieseberg et al. 1990 Martinsen et al. 2001) , although see Sambatti et al. 2008 for an alternative interpretation. Our findings suggest that nuclear-encoded genes targeted to these organelles also show high levels of introgression.
CONCLUSIONS
Our results indicate that a substantial fraction of the genome can move across species boundaries in Helianthus taxa. This makes sense given the extensive documented hybridization between H. annuus and H. petiolaris (Heiser 1947) , and the long period of time over which it has occurred, both of which are expected to lead to gene flow at numerous loci, particularly if barriers to recombination occur at only a few loci (Rieseberg and Wendel 1993; Wu 2001) . Their porous genomes show evidence of extensive gene flow at some loci, whereas other loci remain differentiated, presumably due to ecological selection or intrinsic postzygotic barriers. This combined pattern of introgression and sequence divergence supports models of speciation that explicitly incorporate both genetic barriers between species (Feder 1998; Wu 2001; Gavrilets and Vose 2005) and genetic sweeps holding species together (Rieseberg and Burke 2001) . A crucial issue for future work will be to examine the nature of the barriers between species at loci showing high levels of diverence: are the low levels of gene flow at particular loci due to karyotypic differences in that genomic region, ecologically mediated selection, intrinsic selection against introgression, or other factors?
In addition to our biological findings, our results demonstrate the utility of two new approaches for the robust demonstration and quantification of interspecific gene flow. The isolation by distance approach using interspecific genetic distances provides a simple, but effective means for identifying interspecific gene flow that can be applied to many preexisting datasets for sympatric species. In contrast, the EST approach provides a means for estimating the fraction of loci across the genome that are affected by introgression, as well as for identifying candidate gene and functional groups that are least likely to be under divergent natural selection or negatively selected because of genetic background effects. Given recent advances in high-throughput sequencing, we anticipate that this latter approach will be increasingly widely employed to study the genomic consequences of introgression in the coming decade.
